The aim of this paper is to assess the heritability of cerebral cortex, based on measurements of grey matter (GM) thickness derived from structural MR images (sMRI). With data acquired from a large twin cohort (328 subjects), an automated method was used to estimate the cortical thickness, and EM-ICP surface registration algorithm was used to establish the correspondence of cortex across the population. An ACE model was then employed to compute the heritability of cortical thickness. Heritable cortical thickness measures various cortical regions, especially in frontal and parietal lobes, such as bilateral postcentral gyri, superior occipital gyri, superior parietal gyri, precuneus, the orbital part of the right frontal gyrus, right medial superior frontal gyrus, right middle occipital gyrus, right paracentral lobule, left precentral gyrus, and left dorsolateral superior frontal gyrus.
INTRODUCTION
Heritability patterns of cortical structures derived from structural MRI have been extensively reported in literature [1] [2] [3] [4] [5] [6] [7] . In this study we aimed to investigate the genetic influences upon the cerebral cortex within a large twin cohort. To achieve this goal, we studied the heritability of the cortical GM in terms of cortical thickness using structural MRI. As cortical folding varies significantly among population, even between monozygotic twins 8, 9 , we estimated the cortical thickness of GM on structural MR images 10 and used a surface-based approach to establish the correspondence of cortex across the population. Vertex-based statistical analysis 11 was employed to evaluate the genetic influence on the GM thickness.
METHODS

Participants and image acquisition
The twin cohort consisted of 328 subjects (118M, 210F) with average age 22.7 ± 2. The T1-weighted images were acquired by a 4T Bruker Medspec whole-body scanner (Bruker Medical, Ettingen, Germany), with a magnetization-prepared rapid gradient echo (MPRAGE) sequence to resolve anatomy at high resolution. Acquisition parameters were: inversion time (TI)/repetition time (TR)/echo time (TE)=700/1500/3.35ms, flip angle=8°, slice thickness=0.9mm with a 256x256x256 acquisition matrix.
Structural MR Image Processing
For each subject, the 3-dimensional T1-weighted image was segmented into GM, WM, and cerebrospinal fluid (CSF) using an expectation maximization (EM) segmentation algorithm 10 . The EM algorithm computed probability maps for each tissue type, which were discretized by assigning each voxel to its most likely tissue type. Topological corrections were applied to deep sulci, and the GM segmentation was also constrained to be a continuous layer covering the WM 12 . The segmentation method used 9 different atlases to reduce the error induced by misregistration of the atlases. Each individual T1-weighted image was then segmented 9 times and a majority voting rule was used to establish a consensus for pure tissue segmentation.
Cortical Thickness Estimation and Surface-based analysis
Partial-volume effect in MRI is due to the limited image resolution as compared with the size of anatomical structures. This was taken into account using a partial-volume effect correction method 10 , in which classification and estimation of tissue composition in voxels and helped to increase the precision of cortical thickness estimation (CTE) in regions such as deep sulci, where the measure of thickness was particularly difficult. Based on the pure tissue segmentations, a further maximum a posteriori classification of voxels into pure tissue WM, GM, and CSF, mixed tissues WM/GM and GM/CSF, along with the GM interface was performed, which produced a map of GM partial-volume effect. The classification also integrated with sulci detection that preserved the topology constraints 12 .
Once pure tissue segmentation and partial tissue classification were performed, the CTE of the resulting GM was computed using a combined voxel-based approach. The GM partial-volume effect map was used to initialize a combined Lagrangian-Eulerian approach 10 . The GM partial-volume effect initialization preserved the efficiency of the Eurlerian approach while improving the accuracy. The left and right hemispheres in the segmented images were split using the Internet Brain Segmentation Repository labeling(Center for Morphometric Analysis at Massachusetts General Hospital, available at http://www.cma.mgh.harvard.edu/ibsr/). Meshes of left and right WM/GM interfaces were generated, and were topologically corrected to enforce the constraint of genus 0 topology using the Taglut tool 11 . Each mesh was then geometrically smoothed, and registered to a common mesh atlas with a Multi-scale EM-ICP algorithm 13 . The local curvature features at different smoothing levels were iteratively introduced into the registration algorithm to improve the surface registration. The cortical thickness values were then mapped from the image to the template surface via the registered mesh surface. Hence, each vertex of the template was associated with a CTE vector corresponding to the CTE value of all individuals at the same spatial location. A 10-mm Laplace-Beltrami smoothing was then applied to the CTE values on the template mesh.
Statistical analysis
To estimate the reliability of the MR diffusion measurements, we compared images of the same subjects at two different time points. We used the intraclass correlation (ICC) to evaluate the test-retest reliability of cortical thickness. Measurements were inverse-normalized and corrected for age and sex. The relative influences of genetic and environmental factors were expected to be different among MZ twins and DZ twins, as MZ twins share identical genes whereas DZ twins share on average only half of their genes. Using an ACE model, CTE was assumed to be subject to the influence of three factors: additive genetics A, common environment C, and residual E due to unique environment and measurement errors which are independent between individuals. We thus assumed that
An efficient implementation 14 (available at http://warwick.ac.uk/tenichols/APACE) of least squares method in SPM framework was used to compute the non-negative least square estimates of the variance components. Based on the variance estimation, we calculated the heritability index
RESULTS
The vertex-based test-retest reliability of CTE plotted on cortical surface is shown in Figure 1 . The average ICCs of vertex-based CTE across the percellated ROI by AAL atlas are listed in Table 1 . It showed that the CTE pipeline produced reliable estimation in most cortical regions (with average ICC>0.7), while in areas such as olfactory cortex, insula, parahippocampal gyrus, amygdala, right lingual gyrus, temporal poles of middle and right superior temporal gyrus, and left caudate the average test-retest ICCs were below 0.6. In the following analysis, we excluded the heritability results in cortical vertices with test-retest reliability under 0.6 (Guo et al., 2012), in order to draw conclusions only from the regions with estimations of higher reliability. The ROI-wise average heritability of vertex-based cortical thickness and the heritability of ROI-average cortical thickness are listed in Table 2 . For visualization, the heritability of cortical thickness estimation was mapped onto the cortical surface and shown in Figure 2 , and the heritability of cortical ROI-average heritability is shown in Figure 3 . In vertex-based analysis, bilateral postcentral gyri, paracentral lobules, superior parietal gyri, right medial superior frontal gyrus, and left superior occipital gyrus were among the heritable cortical regions with average h 2 > 0.4. Significant additive genetic component was found in the bilateral postcentral gyri, superior occipital gyri, superior parietal gyri, precuneus, the orbital part of the right frontal gyrus, right medial superior frontal gyrus, right middle occipital gyrus, right paracentral lobule, left precentral gyrus, and left dorsolateral superior frontal gyrus.
In the ROI-based analysis, with FDR corrections for 86 ROIs, we detected significant additive genetic influence on the average cortical thickness in bilateral precentral and postcentral gyri, paracentral lobues, middle frontal, superior occipital, superior parietal, middle temporal gyri, left supplementary motor area, rolandic operculum, posterior cingulate, middle occipital, angular gyrus, the medial and dorsolateral part of the right superior frontal, opercular part of the right inferior frontal, right anterior cingulate and paracigulate gyri, right inferior occipital, supra-marginal gyrus, precuneus, fusiform, superior temporal gyri, and caudate. 
DISCUSSIONS
We found that cortical thickness was in several cortical regions, including the paracentral gyri, various cortical regions in the frontal lobe, and the superior parietal gyri. In general, heritable cortical thickness measurements were found mainly in frontal and parietal lobes. Similar patterns in the heritability of cortical thickness have been reported in a prior study by Joshi et al. 6 on the same cohort (using a different set of subjects) with the thickness estimated using the FreeSurfer software. We found the pronounced heritability in the thickness of precentral and postcentral gyri bilaterally along with the paracentral lobules continuous to them. Strong genetic influence has been reported in prior studies 5 , and the development of the primary somatosensory cortex in these regions has been shown to be highly genetically determined 3 .
In the frontal lobe, we found thickness in dorsolateral part of bilateral superior frontal gyri, bilateral middle frontal gyri, bilateral supplementary motor areas, medial and medial orbital parts of the right superior frontal gyrus show high heritability which have also been previously reported 4, 7 . Lenroot et al. 3 found significant genetic effects on the thickness in the frontal pole, dorsolateral and orbital prefrontal cortices, and prefrontal gyrus. VBM study also revealed high heritability in GM density in medial prefrontal cortex and superior frontal gyrus 2 . Thickness estimated in the right orbitofrontal cortex was also found to be heritable in our study, in agreement with prior findings of genetic influence in the orbitofrontal cortex 3 . In contrast, a VBM study found the GM concentration not significantly heritable in this region 15 .
In the parietal lobe, our finding of heritable thickness in the superior parietal gyrus agrees with previous reports 3, 4 . Left precuneus thickness was found heritable 4 , while in our results the right precuneus was detected with higher heritability.
Our results confirmed the heritable thickness of superior temporal gyri 3, 5, 15 , where the GM density was also found heritable 2 .
